The multiplicity, finite system size and collision energy dependence of heat capacity, conformal symmetry breaking measure and speed of sound (c 2 s ) have been investigated in small systems using ALICE data for p + p collisions at √ s = 7 TeV. The aim of this study is to discern the possibility of formation of a thermalized medium in such collisions. We find that there is a threshold in charged particle multiplicity beyond which these quantities attain a plateau. The presence of such threshold in multiplicity is further reflected in variation of heat capacity, conformal symmetry breaking and c 2 s with center-of-mass energy ( √ sNN ). In order to have a grasp on experimentally obtained results, variation of pT with multiplicity has also been studied. The experimental results have been contrasted with PYTHIA8 and it is found that PYTHIA8 is inadequate to explain the features reflected in these quantities, thereby indicating the possibility of thermalization in such small system. It is also observed that the finite size effects alone cannot explain the non-extensive nature of particle spectra in p + p collisions.
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I. INTRODUCTION One of the main goals of relativistic heavy ion collision experiments (RHICE) is to create and characterize quark gluon plasma (QGP). The properties of QGP are governed not by hadrons but by its constituents, the quarks and gluons. QGP may exists in the naturally occurring systems e.g. in the core of compact astrophysical objects, like neutron stars. The universe might have undergone a transition from QGP to hadrons after a micro-second of the Big Bang. Therefore, the study of QGP is not only important for understanding QCD in medium but also for astrophysics and cosmology [1] .
The characterization of QGP (i.e, knowing its equation of state, transport properties etc.) can be done by analyzing experimental data with the help of theoretical models. But the applicability of these models relies on certain assumptions. For example, viscosity can be estimated by measuring anisotropic flow of the system formed in such collisions which can be analyzed theoretically by using hydrodynamic model. Currently, it is not possible to prove from the first principle that the system produced in RHICE has achieved equilibrium. Therefore, the applicability of hydrodynamics depends on the validity of the assumption of local thermalization. The success of the model is also dependent on proper understanding of the initial conditions and equation of state required to solve the hydrodynamic equations.
However, the required assumption for the formation of partonic medium in RHICE is justified by experimental observations such as non-zero collective flow, suppression of J/ψ yield, enhancement of strangeness, suppression of high-p T hadrons, etc. These observations have been attributed to the formation of hot and dense medium which hydrodynamically evolves in space and time. In such analysis, the experimental data from p + p collisions have been used as bench mark with the assumption that no such partonic medium is formed in such collisions. The magnitude of the flow, the amount of suppression or enhancements in RHICE have been used for characterization of the QGP medium. But the assumption that such partonic medium is not produced in p + p collisions -may act as source of ambiguity for the characterization of the system formed in RHICE. Therefore, it is crucial to address the issue of the formation of QCD medium in p + p collisions for characterization of systems formed in RHICE.
The formation of locally thermalised partonic medium is conjectured from the fact that the hydrodynamic modeling of RHICE can explain the anisotropic flow. Hence, the nature of anisotropy is interpreted as collective evolution of QGP. The hydrodynamic collectivity is used to extract viscous coefficients of QGP. However, presence of any effect that can mimic the nature of anisotropy would give wrong estimation of these quantities. This possibility gets more weight as small systems formed in high multiplicity p + p collisions show such nature through the long range "ridge" in two particle azimuthal correlations with a large pseudo-rapidity separation [2] [3] [4] [5] [6] [7] , which is interpreted as exclusive sign of collectivity. However, it is shown that non-medium effects can explain the features [8] .
For characterizing QGP accurately, an appropriate benchmark is required and for this, it is important to understand the formation of medium by constituents whose dynamics is governed by QCD. In this regards, the obvious question is: how is the number of constituents relevant for the formation of collective medium in the context of QCD matter. p + p collisions serve as a platform to address such questions. The multiplicity serves as a proxy to the number of constituents in a system formed in p + p collisions. Thermalization in small system formed in relativistic ion collisions was studied in 1965 by Landau [9] and in 1982, van Hove addressed the topic of thermalization and hadron to QGP phase transition in proton-antiproton collisions using variation of average transverse momentum with multiplicity [10] . To this end, we investigate how the relevant thermodynamic quantities like, heat capacity, conformal symmetry breaking measure (CSBM) and speed of sound for small system vary with the multiplicity, size and collision energy. As there is no way to directly probe the partonic phase produced in such collision, the spectra of produced hadrons are used to gain insight about the possible partonic phase. The ALICE data for p+p collisions at √ s = 7 TeV have been contrasted with theoretical models e.g. PYTHIA8 which does not include medium effects. The analysis using PYTHIA8 shows some degree of success in explaining some of the observations made in p + p and p+Pb collisions, such as saturation of mean transverse momentum ( p T ) of J/ψ [11, 12] and that of charged particles [13] with charged particle multiplicity [15] .
Though variation of heat capacity with collision energy has been investigated [14, 16] through temperature fluctuations for systems formed in RHICE, we are not aware of any studies in the literature similar to the present one for small systems formed in p+p collisions for understanding the QCD thermodynamics. In the following section methodology used for calculations of the above mentioned quantities is discussed. In section 3 results are presented and the last section is dedicated to summarize the findings of the work.
II. FORMALISM AND ANALYSIS METHODOLOGY
The entropy density (s), heat capacity (C V ) and speed of sound (c 2 s ) for a system with vanishing baryonic chemical potential can be written as:
where V and T stand for volume and temperature respectively. These thermodynamic quantities could be estimated from the moments of the momentum distribution of hadrons. At kinetic freeze-out, the momentum distribution of the final state particles is frozen, and the p T spectra of hadrons at the freeze-out are well explained by Tsallis non-extensive statistics [17] [18] [19] . Although a first principle derivation of non-extensivity from kinetic theory is not yet available, the theoretical function which is used to estimate the total yield by various experiments is the Tsallis-Boltzmann (TB) distribution function.
TB distribution function can be used to describe the p T spectra of identified particles produced in p + p collisions and extract thermodynamical parameters, like T and q (called the non-extensive parameter and it is a measure of degree of deviation from equilibrium) of the system at the decoupling point. Then using these values of T and q one can calculate the thermodynamic quantities given in Eqs. 1-3. The TB distribution is given by:
where,
where α = E/T. In the present analysis we take µ = 0. Within the scope of non-extensive statistics, the mathematical form for the energy density ( ), pressure (P), C V , CSBM, c 2 s and p T are given by:
and
III. RESULTS AND DISCUSSION
The C V can be estimated by using Eq. 8 with the values of T and q extracted by parameterizing the p T spectra of identified hadrons using TB distribution. The ALICE data on the p T spectra originating from p+p collisions at 7 TeV colliding energy [20] have been used for this purpose. It is found that the values of T and q depend on hadronic species hinting at different decoupling or freeze out temperature for different hadrons [21] . The hadrons with higher temperature is expected to come from early stage of the system (provided flow is absent or negligibly small). In the present study, we consider pion (π ± ), kaon (K ± ), neutral kstar (K * 0 + K * 0 ) and proton (p + p). In the present work the variation of
3 , C V /( + P ) with charged particle multiplicity (N ch ) have been considered. Here < N > is the average number of hadrons and ( + P ) is enthalpy density. To have an insight into C V and its scaled values, we contrast the results with the PYTHIA8 simulated output under same collision condition. In this work, we have used 4C tuned PYTHIA8 [22] and have used the inelastic, non-diffractive component of the total cross section for all hard QCD processes (HardQCD : all = on). We have generated 250 million events at √ s = 7 TeV, which give sufficient statistics to obtain p T spectra distribution even in high multiplicity events. In addition to this, MPI based scheme of color reconnection [23] (ColorReconnection:mode(0)) is used. Multi-partonic interaction (MPI) scenario is one of the key improvements in PYTHIA8 over PYTHIA6. In PYTHIA8, MPI scenario is crucial to explain the underlying events, multiplicity distributions and flow-like patterns in terms of color reconnection. For the generated events, the hadron level decay is switched off (HadronLevel:Decay = off). Detailed explanation on PYTHIA8 physics processes can be found in Ref. [24] .
A. Multiplicity dependence of heat capacity
Heat capacity of a system is the amount of heat energy required to raise the temperature of the system by one unit. It can be measured experimentally by measuring the energy supplied to the system and resultant change in temperature. It gives the measure of how change in temperature changes the entropy of a system (∆S = C V T dT ). The change in entropy is a good observable for studying the phase transition. In the context of heavy ion collisions, it can be connected to the rapidity (y) distribution ( dN dy ≈ dS dy ). So, the heat capacity acts as bridging observable for experimental measurement and theoretical models, where change in entropy can be estimated.
Correlation length is controlled by the nature of interaction in a system. Larger energy needs to be supplied to overcome strong interaction. The temperature gives the measure of average randomized kinetic energy of the constituents of a thermodynamic system. If the constituents interact strongly then to make the constituent having more randomized kinetic energy, first, sufficient heat energy should be supplied to overcome the 'binding force' caused by the interaction. Then the effort of randomization i.e, the effort to increase the temperature will require supply of more heat energy compared to that needed for the weakly interacting system. Thus, the heat capacity bears the effects of strength of interaction among constituents of the system and represents the ease of randomization for the particular phase of the matter. For ideal gases, increase of temperature has no effect on change in interaction strength and range, so its scaled value (C V / N ) remains constant with temperature. In general, if some macroscopic conditions cause changes in the strength of correlation, then ease of randomization, and hence, the heat capacity will change with that condition. This makes heat capacity a good observable to study how correlation and randomization competes over one another. Thus the study of variation of heat with multiplicity in p+p collision gives opportunities to better understand how the ease of randomization and the strength of correlation change with number of constituents in the QCD system.
The variation of C V with charged particle multiplicity (N ch ) for π ± , K ± , K * 0 + K * 0 and p + p extracted from ALICE data has been displayed in Fig. 1 . The result has been contrasted with the output obtained from PYTHIA8 simulated at the same p + p colliding energy. It is observed that results from PYTHIA8 which do not contain medium effects differ from data. Also, it is observed that the heat capacity increases with increase in multiplicity. If a thermalised medium is formed, then, in the Boltzmann's limits, heat capacity varies linearly with number of particles (C V ≈ N ). From Fig. 1 , it is evident that the lighter particles like π ± and K ± tend to show such proportionality trends, however, the heavier particles like K * 0 + K * 0 and p + p show deviation from above proportionality behaviour. This may be due to the fact that heavier particles decouple from the system earlier in the course of thermalization, whereas, lighter particles may have enough time to interact among themselves before leaving the system, resulting in the onset of their thermal behaviour.
Fig 2 depicts C V scaled by average number of hadrons (N ) as a function of N ch for π ± , K ± , K * 0 +K * 0 and p+p of ALICE data and results from PYTHIA8. It is observed that C V / < N i >, where, i=π ± , K ± , K * 0 +K * 0 and p+p, seems to saturate towards high multiplicity. Here, also, the explanation of the results displayed in Fig 1 can be brought in, as in the Boltzmann's limit for thermalised medium, C V / < N i >, should be constant for constant temperature of the system irrespective of other macroscopic conditions like number of particles that affects the many-body interaction environment. The observed saturation in heat capacity in its variation with multiplicity can be due to change in interaction environment with increasing multiplicity such that interaction strength reduces with increase in number of particles. This may account for the observed saturation, suggesting that with the increase in multiplicity the produced system goes towards thermalization. We also notice that results from PYTHIA8 are not in good agreement with ALICE data. 
increases with multiplicity and appears to saturate at around N ch ≈ (2 − 4), whereas for p + p display an increasing trend with N ch without any sign of saturation. This may be the hint of the fact that lower mass particles like π ± , K ± behave as noninteracting thermalised particles beyond certain multiplicity, whereas heavier mass particles may not witness this thermalised medium. Here, also PYTHIA8 results are not in good agreement with ALICE data.
The enthalpy density, ( + p), act as inertia for change in velocity for a fluid cell in thermal equilibrium. We have also studied the change in C V scaled by enthalpy density, which acts as a proxy to heat per unit mass, as a function of multiplicity in Fig 4. The effects of nonextensive parameter, q on heat capacity has been shown in Fig 5 through the ratio, c v /c v q→1 . It may be mentioned that the C V is obtained here by fitting the TB distribution to the ALICE data, therefore, C V depends on q. From Fig 5, the ratio seems to saturates after N ch ≈ (2 − 4) implying that new environment of interaction is set-off after N ch ≈ (2 − 4), however, the ratio does not approach unity except for K ± . This may be due to presence of strong interaction even after thermalization, not allowing full Boltzmann's limit to be achieved.
The saturation of C V /( + p) and C V / < N i > in its variation with multiplicity shows an interesting nature in which, at the saturation region, corresponding values for all the particle species tend to converge. This means that with the increase in the number of particles in the system governed by QCD, the ease of randomisation gets saturated. This is expected when particles of all the species come from a system which evolves collectivity with common interaction environment. Speed of sound in a system reveals nature of its medium, e.g., whether it is strongly interacting or not, how much it differs from ideal gas of massless particles. Interaction and correlation can cause change in the effective mass of constituents, there by, changing the speed of sound in the medium. CSBM gives the measure of deviation form masslessness of the constituents (how particle mass and temperature contributes to CSBM for noninteracting (ideal gas) system is discussed in [25] ). For massless particles, c it is < 1 3 . This is due to the fact that the massive particles do not contribute to the change in pressure as much as they contribute to the change in energy of the system. Variation of these quantities with multiplicity is expected to capture the change in effective interaction among constituents with increase in number of constituents. Also the variation of p T of a system with the number of constituents can capture the onset of collectivity in the system.
Variation of CSBM, c 2 s and p T with multiplicity for p + p collisions have been parametrized by using the Eqs. 9, 10, 11 respectively. is a measure of interaction) of π ± , K ± , K * 0 + K * 0 and p+p with N ch . It is observed that by varying from low to high multiplicity, π ± show slight decreasing trend while K ± upto N ch ≈ 2 increases approximately linearly then remains saturated for N ch ≈ 2 to N ch ≈ 10 and subsequently beyond N ch ≥10, the trend begins to decrease. K * 0 + K * 0 and p + p show an increasing trend in going from low to high multiplicity but K * 0 +K * 0 seems to saturate for N ch ≥6. In comparison with PYTHIA8 generated results, we observed that π ± and K ± trend underestimates the ALICE data while to some extent PYTHIA8 explains K * 0 + K * 0 and p + p. It is expected that for a thermalised medium, the contribution of a particle of particular species to CSBM peaks when the temperature of the system is half of its mass [25] . Temperature from multiplicities considered here are always less than 190 MeV [20] , however, the temperature for π ± for most of the multiplicities lies more than half of its mass (≈ 140 MeV) and for all other species, it is always less than half of their masses. So, for non-interacting hadrons, one expects within this temperature range π ± should have higher CSBM. Though the saturation of CSBM occurs for π ± and K ± , value of corresponding CSBMs does not follow the ordering of non-interacting systems. So, this hints that though the system may be thermalised, it has certain amount of correlation. Here, larger mass particles K * 0 + K * 0 and p + p do not show any saturating nature possibly due to the fact that they do not form out of thermalised partons as they leave the system earlier during its evolution. Fig. 7 shows the variation of c 2 s of π ± , K ± , K * 0 + K * 0 and p + p as a function of N ch . It is observed that as we move from low to high multiplicity of ALICE data, the c 2 s for π ± remains constant, while K ± increases upto N ch ≈ 3 then saturates. K * 0 + K * 0 and p + p seems to increase with multiplicity. It is also observed that PYTHIA8 overestimates the ALICE data. As expected, low mass particles will have higher c 2 s closer to the value of conformal system than heavier mass particles. The saturated value of c 2 s beyond N ch ≈ (2 − 4) follows the mass ordering. The result obtained from PYTHIA8 data, however, is larger than the values obtained from experimental data. This is expected in presence of thermalised medium in experiments whereas PYTHIA8 has no such effect of medium formation. Fig. 8 shows p T of π ± , K ± , K * 0 + K * 0 and p + p as a function of N ch for ALICE data and PYTHIA8 generated results. It is observed that p T of all hadrons tend to saturate as we move from low to high multiplicity. Saturation seems to set in from N ch ≈ 2 onwards. The higher are the mass of hadrons, the higher are the values of p T . This is indicative of the presence of collectivity in the system through transverse flow as higher mass hadrons get affected by the flow more (p T ∼ mv T where m is the mass of the hadrons and v T is the transverse flow velocity). It is interesting to find that all of the above quantities for lighter particles show saturation after a particular N ch ≈ (2-4) in their variation with N ch . This universal nature may be the hint of onset of their randomized collective nature with that number of partons which produces N ch ≈ (2-4). This is more prominent in the variation of speed of sound and CSBM with multiplicity, where heavier particles shows different trends from that of lighter particles. Moreover the saturation found here is vastly different from the saturation of p T of all charged particles which occurs at N ch ≈ 20 as in Ref. [13] . This may be due to the inclusion of heavier particles in calculation of p T in that work. In fact, in this work, it is found that heavier particles like proton shows different nature; for them instead of saturation, quantities considered here increases monotonically, as expected if they are far from 
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FIG. 8: (Color online) Mean transverse momentum in GeV is
presented as a function of charged particle multiplicity. Different colours are for different particles. Solid curves are obtained using ALICE data while dashed curves are obtained using PYTHIA8 data.
equilibrium due to their separation from the produced system in the early stage. They do not show saturation, except for proton the slope reduces at N ch ≈ (2-4) for c 2 s
and CSBM. It is also interesting to note that, for result generated by Pythia8, which does not have a medium effect in its simulation, results match well with heavier particles. It further emboldens the possibility of formation of strongly correlated but randomized medium, as this can not be explained by color reconnection (CR) effect of final state which is included in Pythia8. This mismatch points out something more than CR effect is responsible for such saturation, hinting scope of presence of collectivity in the system from which these particles come out.
C. Finite system size dependence of heat capacity
In case of RHICE, the thermal nature of produced particles is extensive type, but for p + p collisions, Tsallis distribution fits the particle spectra very well. The appearance of nonextensive statistics in a system may be for several reasons e.g., finite system size effect, long range interaction or correlation. For this reason, in this work, it is investigated weather finite size effect alone can explain the values of q-parameter as observed in results of p + p collisions. We incorporate the finite-size effect by considering a lower momentum cutoff, p min = π/R = λ, in the momentum integration, where, R is the size of the system [26] . As the collision energy is same, large multiplicity events are expected to be coming from larger overlap region in p + p collisions, we considered different radius (R) with each multiplicity. We compare values of the observables at each multiplicity, calculated using Tsallis-Boltzmann's distribution with T and q values extracted from ALICE data, with values calculated using Boltzmann's distribution considering same temperature but with q = 1, where, while doing the momentum integration, the finite size is taken into account. This is to check whether extensive Boltzmann's distribution with finite size effect can account for the q value observed in experimental data.
In order to account for the finite system size effect, we have studied variation of heat capacity, heat capacity scaled by average number of particles and T 3 with finite system size using Eq. 8. As, radius of proton is around 1 fm, we adapted the lower limit as 0.1 fm and the upper limit to be 2.5 fm. This is used to represent the available multiplicity classes such that the values with q = 1 same as that of earlier plots showing variation with multiplicity. Finite system size is also reflected through the value of q > 1 as contrast to q → 1. Fig. 9 shows C V of π ± , K ± , K * 0 + K * 0 and p + p obtained by using ALICE data as a function of system size. It is observed that the C V of π ± , K ± and p + p increases with system size for non-zero q. The slope of C V for π ± is less compared to K ± and p+p. In fact, K ± and p+p seem to converge at a common point towards higher finite system size. Results with (q → 1, corresponding to Gibbs-Boltzmann (GB) statistics) represented by dashed curves indicate that C V of K ± , p + p are underestimated by PYTHIA8 unlike π ± . Fig. 10 shows C V scaled by T 3 for π ± , K ± , K * 0 + K * 0 and p + p extracted from ALICE data as a function of system size. It is observed that π ± , K ± , K * 0 + K * 0 and p + p seem to saturate with increasing system size for both with TB and GB statistics.
D. Finite system size dependence of CSB, speed of sound and mean transverse momentum Fig. 11 shows CSBM of π ± , K ± and p + p obtained from ALICE data as a function of system size. With non-zero q represented by solid lines, it is observed that CSBM of π ± remains almost constant with increasing system size while CSBM of K ± and p + p increases with system size. With increase in system size, CSBM of K ± increases upto R ≈ 1.8 fm and tend to saturate beyond 2 fm. The slope of CSBM of π ± increases almost linearly with R. Results for GB statistics, represented by dashed curves tend to saturate. Fig. 12 shows that c 2 s for π ± , K ± , K * 0 + K * 0 and p + p extracted from ALICE data as a function of system size. The c 2 s shows a plateau as a function of R both for GB and TB statistics for all the hadronic species. Fig. 13 shows p T for π ± , K ± , K * 0 + K * 0 and p + p of ALICE data as a function of system size. For TB statistics, it is observed that p T of all hadrons decrease with system size (faster for π ± ) and reaches a plateau beyond R ∼ 1.4 fm. In GB statistics, K ± does not show any plateau.
It is generally observed that the incorporation of finite size effect in extensive statistical approach can not reproduce the value of the observables calculated with non-extensivity parameter (q) extracted from the p + p collisions. This may suggest that the appearance of nonextensivity in the results of p + p collisions may not be completely explained by finite size effect alone, thereby hinting the presence of other physical reasons like longrange correlation that also contributes to the origin of non-extensivity in systems produced in p + p collisions. The collision energy dependence of heat capacity scaled by average number of particles and T 3 obtained from ALICE p + p data at different √ s has been studied using the values of T and q extracting by TB distribution fit of the p T -spectra [27] . The general observation in this regard is that the thermodynamic quantities considered here show saturationlike behaviour starting after √ s = 1.5 TeV. The nature of variation beyond √ s ≈ 1.5 TeV is similar to that found in heavy ion collisions at the chemical-freeze out surface as in Ref. [14] . So, this may further hint the formation of medium similar in kind to that of heavy ion collisions after √ s ≈ 1.5 TeV, where sufficient number of particles can be produced to form such collective QCD medium. It is interesting to further note that the average multiplicity for √ s ≈ 1.5 is around (2-4) as in Ref. [28] . This again puts weight to the possibility that the saturation effect as observed in variation of above considered thermodynamic quantities with multiplicity is potentially due to formation of heavy ion like collective medium for p+p collisions which results in N ch ≥ 2 − 4. We note that, for observing saturation effects in results simulated using PYTHIA8 (in which CR is thought to be responsible for the saturation), this kind of saturation starts at N ch ≈ 20. The particle spectra used for studying the variation for p + p collisions do not have any information regarding, which freeze out surface they have originated from. However, the trend matches with that of heavy ion collisions for its chemical freeze out surface. This fact may be due to vanishing time difference for occurrence of chemical and kinetic freeze out surface in p + p collisions. 
IV. SUMMARY
We make the following conclusion based on the present study:
• We have studied how the randomization in QCD matter changes with number of constituents by studying the variation of heat capacity with charged particle multiplicity. It is found that for N ch > (2 − 4), heat capacity saturates for all identified hadrons.
• We have also investigated how conformal symmetry breaking/trace anomaly varies with the degree of freedom in an environment of QCD many body system. Similar to C V , a saturation in CSBM with N ch is also observed.
• The importance of multiplicity N ch > (2 − 4) regarding the question of medium formation in small systems is further prominent in the variation of the thermodynamic quantities, considered here, with collision energies. This may suggest that number of sea quarks and gluons along with valence quarks within the volume of size of proton, which are needed to form (2-4) charged hadrons are sufficient to form a collective medium governed by QCD.
• A comparison of the results extracted from ALICE data with results from PYTHIA8 simulation have been carried out. It is observed that PYTHIA8 explains scaled C V for heavy particles approximately well but it cannot explain the trend for lighter hadrons (underestimate) as PYTHIA8 does not include medium effects. This may be a sign that lower mass particles originate from some kind of thermalised medium.
• The deviation in the value of q from unity in TB statistics may indicate the presence of long range correlations as well as the nature of finiteness of the size of the system. However, it is observed that finite size effect alone cannot account for the appearance of q = 1 value. This may suggest that the presence of effects other than finiteness of system size, e.g., correlations, in QCD system plays important role for giving rise to non-extensivity. 
